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Summary 
 
Neither the ecological role nor the metabolic function of microcystin is known. 
Cellular microcystin concentrations correlate to cellular nitrogen status for a given 
environmental phosphorous concentration and specific growth rate. Microcystin 
production is enhanced when the rate of nitrogen accumulation exceeds the 
relative specific growth rate and/or when cellular N:C ratios exceed the Redfield 
ratio as a function of reduced carbon fixation, suggesting enhanced production of 
microcystin under carbon stress. Additionally, a strong correlation between 
medium phosphate and carbon fixation, and the negative correlation between 
medium phosphate and microcystin combined with the cellular localization of 
microcystin in thylakoids supports a possible role for microcystin in enhancement 
of photosynthesis. Batch cultures of both Microcystis aeruginosa PCC7806 and a 
mcyA- knockout mutant of PCC7806 were therefore cultured at different light 
intensities and media treatments, so as to vary cellular N:C ratios and 
concentrations, and sampled for analysis of microcystin concentration, cell 
numbers and residual medium nitrates. Inter-strain differences in photosynthetic 
electron transfer rates and levels were monitored using a Hansatech PEA 
fluorometer and compared to cellular microcystin concentrations. An enhanced 
survival was observed at high light, where the toxic strain survived while the non-
toxic strain became chlorotic. A strong correlation (r2 = 0.907, p< 0.001, N=22) 
between microcystin concentration and growth rate was observed at high light 
conditions. No such advantage was observed at optimal or low-light conditions 
and media composition had no significant effect on the relationship between 
toxicity and survival at high light. PCC7806 showed elevated PI(abs) values 
compared to the mcyA knockout strain, which indicates an increased stability of 
PSII. A strong correlation between PI(abs) and microcystin (r = 0.88, p< 0.005, 
N=15) was observed for cultures grown in modified BG11 containing 25 mM under 
continuous illumination of 37 µmol of photons m-2.s-1. No correlation was 
observed between PI(abs) and microcystin for the other treatments. The toxin 
producer had significantly higher values for density of active reaction centers and 
 ii
quantum efficiency compared to the mutant. A decrease in F0 in the mutant 
suggests degradation of the phycobiliproteins, whereas PCC7806 didn’t show a 
significant decrease in F0 Data indicate that microcystins play a role in 
photosynthesis by preventing chlorosis in saturating light conditions either by 
enhancing the redox stability of the phycobiliproteins or PS II, thus preventing 
photooxidation. 
 
Keywords: microcystin, photosynthesis, phycobiliproteins, photosystem II, 
photooxidation 
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Chapter 1 
Literature survey 
 
1.1 Introduction 
 
A wide range of biologically active compounds are produced by cyanobacteria, 
which are oxygenic photosynthetic prokaryotes. The best studied of these 
biological compounds are the microcystins (MCYSTs). MCYSTs are cyclic non-
ribosomally synthesized heptapeptides that are potent inhibitors of eukaryotic 
protein phosphatases. They pose serious health risks to humans and livestock 
and cause severe ecological problems. The biological role of microcystin in the 
producing cyanobacterium is not yet known. It appears that microcystin (MCYST) 
performs a specific metabolic function due to the complexity of their structure, the 
large amounts of energy required in the synthesis of the molecule and the degree 
of environmental modulation of intracellular MCYST concentration and 
production rate. Proposed roles for MCYSTs include a defense mechanism 
against plankton grazers (Jang et al.,2003, Jang et al., 2004), potential 
intracellular functions, such as ferrous iron (Fe2+) chelation (Humble et al., 1994, 
Utkilen and Gjølme, 1994) and putative extracellular functions relating to 
cyanobacterial interactions with phytoplankton, zooplankton and bacteria 
(Pearson et al., 2004). Numerous environmental factors have been shown to 
influence toxin production. The most significant environmental parameter 
reported to effect microcystin production was medium nitrogen to phosphorus 
ratio, which corresponded to intracellular nitrogen to carbon ratio (Downing et al., 
2005a; Downing et al., 2005b). Additionally, the cellular localization of 
microcystin in thylakoids (Young et al., 2005) supports a possible role for 
microcystin in photosynthesis. 
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1.2 Cyanobacterial Photosynthesis 
 
The main photosynthetic components in cyanobacteria are the light harvesting 
complexes (phycobilisomes) and the electron transport complexes, which 
includes photosystem II, photosystem I, the cytochrome b6f complex and 
plastocyanin. 
 
1.2.1 Phycobilisomes 
Phycobilisomes are located adjacent to the thylakoid membranes. The main 
function of these protein complexes is light harvesting and energy migration to 
photosystem II (PS II) (Joshua et al., 2005). The phycobiliproteins of the 
phycobilisome absorb light in the visible spectrum between 480 nm to 650 nm. 
There are various types of phycobilisomes, which differ in structure; however, the 
most common phycobilisomes that are found in cyanobacteria are hemidiscoidal 
phycobilisomes consisting of a tri-cylindrical core and six rods (Figure 1.1) 
(MacColl, 1998). Phycobiliproteins are divided into three main categories 
according to their absorption properties. The high-energy phycobiliproteins 
include phycoerythrins (absorbs between 480 nm to 570 nm) or 
phycoerythrocyanin, the intermediate energy biliproteins consist of phycocyanins 
(absorbs between 550 nm to 650 nm) and the allophycocyanins (650 nm to 655 
nm) are the lowest energy phycobiliproteins that transfer energy to PS II. The 
phycobilisomes are arranged so that energy will flow from the highest 
energetically situated pigment to the lowest energy pigments (MacColl, 1998). 
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Figure 1.1: A structure of the phycobilisome found in cyanobacteria. PE, phycoerythrin; PC, 
phycocyanin; AP, allophycocyanin.  
 
1.2.2 Photosynthetic apparatus 
The photosynthetic apparatus of cyanobacteria is more sophisticated than the 
single-centre bacterial systems found in purple bacteria (pheophytin-quinone 
type) and green sulfur bacteria (Fe-S type). There are two different types of 
photosystems located in the thylakoid membrane (Figure 1.2), with distinct and 
complementary functions and each with its own type of photochemical reaction 
center and set of antenna molecules (Bryant and Frigaard, 2006). 
 4
PS II 
Resonance 
energy 
transfer 
P700 
P700* Ao 
A1 
Fe-
s
Fd 
Fd. NADP
+
 
oxidoreductase 
PS I 
NADP
+
 
NADPH 
Light harvesting 
complex 
phycoerythrins 
phycoerythrocyanin 
phycocyanins 
allophycocyanins 
hv 
P680 
P680* Pheo 
QA 
QB 
Plastocyanin 
Cyt b6f 
complex 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Schematic diagram of the complexes involved in light harvesting and electron 
transport (See text for details). 
 
 
The main dimeric chlorophyll center in PS II is P680, which is photooxidized to 
release electrons (Joshua and Mullineaux, 2005). Pheophytin (Pheo), a primary 
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electron acceptor, quinone (QA), a secondary electron acceptor and QB, a 
plastoquinone bound to PS II (photosystem II) are components of PS II. The 
function of QB is to accept two electrons from QA and therefore equilibrate the 
thylakoidal plastoquinone and plastoquinol pool (Campbell et al., 1998) (Figure 
1.2 and 1.3).  
 
The cytochrome b6f is a proton-pumping complex (protons are pumped across 
the thylakoid membrane and used for the synthesis of ATP), which carries 
electrons from QB to either plastocyanin (PC) (copper-containing luminal single-
electron transport protein) or cytochrome c553 (cyt c553) (heme-containing luminal 
single-electron transport protein), which are reciprocally regulated depending on 
the availability copper and iron. PC and cyt c553 transport electrons to either 
photosystem I or to cytochrome oxidase (Campbell et al., 1998). 
 
Photosystem I (PS I) is a ferredoxin type reaction center. The designated 
reaction center for PS I is P700. Bound redox intermediates such as electron 
acceptor chlorophyll (A0), phylloquinone (A1), Fe-S protein ferredoxin and a 
Fd:NADP+ oxidoreductase are also found in PS I, which transfers electrons to 
NADP+ to form NADPH (Xu et al., 2001).  
 
PS II reaction and I centers in cyanobacteria work together to catalyze, the light 
driven movement of electrons from water (H2O) to NADP
+ (figure 1.2 and 1.3). A 
soluble protein, plastocyanin, a single electron transporter, is responsible for the 
transport of electrons between PS II and PS I. Cyanobacteria oxidize water to 
generate electrons in order to replace the electrons that move from PS II through 
PS I to NADP+. The ratio of PS I to PS II is approximately 2 to 3 in cyanobacteria 
(Campbell et al., 1998). 
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1.2.3 Electron flow in cyanobacterial thylakoid membranes  
The energy from light migrates from the phycobiliproteins to chlorophyll a located 
in the thylakoid membrane. The transference of energy is non-radioactive, 
extremely efficient and directional. Light excites the PE and PC in the 
phycobilisome, which raises an electron to a higher energy level. The excited PE 
and PC pass energy to a neighboring AP molecule through resonance energy 
transfer, thus exciting the AP molecule. The excited AP molecule passes its 
energy to the reaction center chlorophyll, thus exciting it (MacColl, 1998).  
 
In order for one electron to be transferred from H2O to NADP
+, two protons need 
to be absorbed. One molecule of oxygen is formed when four electrons are 
transferred from two molecules of H2O to two molecules of NADP
+. Therefore, a 
total of eight protons are required, four per photosystem (Campbell et al., 1998) 
(Figure 1.2 and 1.3).  
 
The excitation of P680 in PS II generates P680*, which is an exceptional electron 
donor (Remy et al., 2004). P680* transfers an electron to pheophytin (Pheo) 
within a few picoseconds, resulting in the formation of Pheo-. The loss of an 
electron from P680* results in the formation of a radical cation, P680+. The extra 
electron on Pheo- is rapidly passed onto a protein-bound plastoquinone, QA, 
which then transfers its electron to another more loosely bound plastoquinone, 
QB. QB accepts two electrons from the above mentioned QA and two protons from 
H2O, QB is then in its fully reduced form QBH2 (Masojidek et al., 2001) (Figure 1.2 
and 1.3). The overall reaction initiated by light in PS II is shown by the following 
equation: 
 
4 P680 + 4H+ + 2QB + 4 photons                                4 P680
+ + 2QBH2 
 
Electrons from QBH2 are eventually passed through cyt b6f complex, which 
passes electrons to PS I that leads to the following photochemical events. The 
excitation of P700 results in the formation of P700-. P700- loses an electron to an 
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acceptor, A0, resulting in A0
- and P700+ (Mi et al., 1999). This results in charge 
separation at the photochemical reaction center. Plastocyanin, a soluble Cu-
containing electron transfer protein, donates an electron to P700+, which is an 
extremely strong oxidizing agent. A0
-, an extremely powerful reducing agent, 
transfers electrons through a series of intermediates to NADP+. Phylloquinone 
(A1) accepts an electron from A0
- and transfers the electron to an iron-sulfur 
protein. A1 transfers an electron to ferredoxin (Fd), an iron-sulfur protein that is 
loosely associated with the thylakoid membrane. The fourth and final electron 
carrier in the chain is a flavoprotein ferredoxin: NADP+oxidoreductase, which 
transfers electrons from reduced ferredoxin (Fdred) to NADP
+ (Mi et al., 1999; Xu 
et al., 2001) (Figure 1.2 and 1.3). The overall reaction that occurs in PS I is 
shown by the following equation: 
 
2Fdred + 2H
+ + NADP+                        2Fdox + NADPH + H
+ 
 
Electrons are moved from water to NADP+ by both photosystems, where some of 
the energy of the absorbed light is conserved as NADPH. At the same time, 
protons are pumped across the thylakoid membrane and energy is preserved as 
an electrochemical potential. This proton gradient drives the synthesis of ATP. 
ATP synthesis is not the only energy-saving reaction of photosynthesis; the 
NADPH is also energetically rich (Campbell et al., 1998) (Figure 1.2 and 1.3). 
The overall reaction of non-cyclic photophosphorylation is: 
 
2H2O + 8 photons + 2NADP
+ + 3ADP + 3 Pi         O2 + 2NADPH + 3ATP 
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Figure 1.3: The transport of electrons in Synechocystis sp. strain PCC6701 thylakoid membrane. 
Abbreviations: hv, photons of visible light; PE, phycoerythrin α3β3 trimers; CPC, phycocyanin α3β3 
trimers; AP, allophycocyanin; Cyt b559, cytochrome b559; Mn4, manganese cluster of the O2; P680, 
dimeric chlorophyll center; Pheo, pheophytin; QA, quinine secondary electron acceptor; QB, 
plastoquinone; NDH, NAD(P)H dehydrogenase; cyt b6, cytochrome containing high and low-
potential heme centers; SIV, subunit IV of cytochrome bf complex; Fe-S, iron-sulfur redox center; 
PC, plastocyanin; Cyt c553, cytochrome c553; PsaA and PsaB; chrolophyll a binding proteins (core 
of PS I); Fd, ferredoxin; FNR, ferredoxin/flavodoxin NADPH oxidoreductase; Cyt ox, cytochrome 
oxidase complex (modified from Campbell et al., 1998). 
 
1.2.4 The Oxygen-Evolving Complex 
In order for P680+ to return to its ground state it must acquire another electron, in 
preparation for capture of another proton. In cyanobacteria, two water molecules 
are split, resulting in the formation of four electrons, four protons and molecular 
oxygen, which can be seen in the following equation: 
 
2H2O                      4H
+ + 4e- + O2 
 
A single photon does not possess the energy to split the bonds in water. The 
photolytic cleavage of water requires four photons. P680+ does not accept the 
four electrons immediately, which are obtained from water. Instead, the oxygen-
evolving complex passes four electrons one at a time to P680+. A Tyr residue 
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donates electrons to P680+, which is found in the protein subunit D1 of the PS II 
reaction center. A proton and an electron are both lost by the Tyr residue, which 
results in a neutrally charged Tyr free radical, Tyr˚ (Nelson and Cox, 2000) 
 
4 P680+ + 4 Tyr         4 P680 + 4 Tyr˚     
 
Four manganese ions present in the oxygen-evolving complex are oxidized to 
replace the proton and electron lost by the Tyr free radical. This Mn cluster 
becomes more oxidized with each electron that is transferred. The four single 
electron transfers, each corresponding to the absorption of one photon, to 
produce a charge of +4 on the Mn complex (Keren et al., 2004). 
 
4 Tyr˚ + [Mn complex]0                  4 Tyr + [Mn complex]4+ 
 
In this +4 state the Mn complex can accept four electrons from two water 
molecules, resulting in the formation of 4 H+ and O2
- (Keren et al., 2004).  
 
2 H2O + [Mn complex]
4+                  4H+ + O2 + [Mn complex]
0 
 
The four protons produced by the splitting of water are released into the thylakoid 
lumen, where the oxygen-evolving complex acts as a proton pump, which is 
driven by electron transfer (Keren et al., 2004). 
 
1.3 Coordination between N assimilation and photosynthesis 
 
NtcA, a global nitrogen homeostasis regulator, is a DNA-binding protein that 
belongs to the CRP (catabolic repressor protein) family of bacterial transcriptional 
effectors, and is capable of controlling the transcription of nitrogen regulated 
genes within various cyanobacterial species (Tsinoremas et al., 1991). NtcA acts 
as either to enhance or repress RNA polymerase binding to the promoter based 
on the position of the binding sequence relative to the -10 and -35 sequences. 
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As indicated, binding sites have been identified for a wide array of genes that 
play a vital role in photosynthesis and carbon fixation processes. These include 
light harvesting in the phycobilisomes and the transferal of electrons in PS I, PS 
II and CO2/HCO3
- uptake, vital to reactions in the Calvin cycle. This suggests that 
NtcA may somehow regulate these photosynthetic genes. 
 
Nitrogen assimilation and photosynthesis are highly complex processes. The 
assimilation of nitrogen is linked to photosynthesis due to the fact that the uptake 
of nitrogen-containing compounds is driven by ATP produced by 
photophosphorylation. A byproduct of photosynthesis, reduced ferredoxin, acts 
as an electron donor to nitrate and nitrite reductases, thus producing the required 
reducing power for the action of GOGAT cycle (Tsinoremas et al., 1991; Su et 
al., 2005).  
 
It has also been noted that the redox state of the cyanobacterial cell regulates 
the expression NtcA in PCC6801 (Su et al., 2005). 2-oxoglurate, a product of the 
dark reaction of photosynthesis, which also acts as an indicator of the C to N 
balance of the cell, is the effector molecule for NtcA activation. 2-oxoglurate 
therefore acts as a sensor/messenger to increase the nitrate assimilation, thus 
coordinating the functioning of the two systems. However, it should be noted that 
the available nitrogen concentrations affect the efficiency of photosynthesis in 
that nitrogen deprivation depresses photosynthesis by inducing the breakdown of 
the photosynthetic apparatus. This process is known as chlorosis (Su et al., 
2005). Photosynthesis begins rapidly once nitrogen becomes available again, 
thus indicating that the photosynthesis process is able to judge the attainability of 
nitrogen and therefore can coordinate the photosynthetic activity with the current 
nitrogen status. Although it is not known how this coordination is linked to NtcA 
(Su et al., 2005) it seems likely that it occurs via α-ketoglutarate enhancement of 
NtcA binding. 
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The following photosynthetic genes apc (allophycocyanin), cpc (phycocyanin), 
trxM (thioredoxin) are down-regulated by NtcA. Ribulose bisphosphate 
carboxylase is encoded by the rbcLS operon and is repressed in the presence of 
NtcA (Su et al., 2005).  
 
Downing (2005) identified a putative NtcA binding site upstream of mcyABCD, 
positioned typically to result in repression by NtcA. RNase protection data on 
ntcA and mcyA expression revealed inverse transcription levels, further 
supporting this. Thus, as with other functions regulated by NtcA and involved with 
maintenance of N:C ratios, NtcA regulation of mcy expression may also be 
involved with enhancement of photosynthesis, by regulating the amount of 
MCYST produced. 
 
1.4 Microcystins  
 
1.4.1 General structure 
MCYSTs, nodularin and cylindrospermopsin are the most commonly found 
hepatotoxins (Harada, 2004). MCYSTs form the largest group with more than 65 
variants (Long et al., 2000). MCYSTs are monocyclic peptides, with a general 
chemical structure (Figure1.4). The general chemical structure of MCYSTs 
consists of erythro-B-methylaspartic acid (D – MeAsp), alanine (D – Ala), and 
glutamic acid (D – Glu); two L-amino acids, which differ for the different variants 
of MCYSTs and N-methyldehydroalanine and ADDA, a hydrophobic 20 carbon 
chain (3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid), which 
is common to these toxins. Single letter abbreviations are used in the naming of 
the toxin in order to indicate the various amino acids that are present in the toxin, 
i.e. MCYST-LR contains leucine (L) and arginine (R). More than 70% of the 
known variants contain arginine in position four; Z in Figure 1.4 (Lee et al., 2000) 
represents this. There are also many minor variations in the chemical structure, 
such as the lack of the methyl group on either methylaspartic acid or 
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methyldehydroalanine, or both. Certain variants also have minor modifications in 
the ADDA chain of the molecule (Lawton et al., 1994).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4: General chemical structure of microcystin. [1, D–alanine; 2 and 4, variable 
L-amino acids represented by X and Z; 3, D – erythr-B-methylaspartic acid (D – 
MeAsp) where R can either be CH3 or H; 5, ADDA where x is either O(CO)CH3 or OH; 
6, D- Glu and 7 represents Mdha] (after Lee et al., 2000 ; Tsuji, 1996; Rapala et al., 
2002 and Lawton and Edwards, 2001). 
 
 
1.4.2 Microcystin synthesis 
Large multifunctional enzyme complexes that consist of peptide synthetases and 
polyketide synthase modules encoded by mcyABCDEFGHIJ synthesize MCYST 
non-ribosomally (Dittmann et al., 1997) (See Figure 1.5). The individual peptide 
synthetase unit catalyzes either hydroxyl or amino acid activation and thioester 
formation reactions in the identical order in which their residues are integrated 
into the growing heptapeptide chain. The elongation of the chain is catalyzed by 
the enzyme bound cofactor 4’-phosphopentetheine (Kaebernick and Neilan, 
2001). The polypeptide synthetase genes mcyA and mcyB each have two 
elements (A1 and A2 and B1 and B2) with variation in B1 and B2, resulting in a 
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variety of isoforms (Mikalsen et al., 2003). N-methyltransferase activity is also 
encoded by A1. Two polyketide synthase modules are found in McyD. McyE 
contains N-terminal polyketide synthase module and a peptide synthase module 
at the C-terminus, whereas McyG has a polyketide synthase at the C-terminus 
and a peptide synthase at the N-terminus (Nishizawa et al., 2000). The assembly 
of the distinctive fatty acid side chain of the amino acid Adda is thought to be 
synthesized by numerous polyketide synthase (mcyD, mcyE, mcyF and mcyG 
genes) (Kaebernick and Neilan, 2001). Glutamate racemase is encoded by mcyF 
(Nishizawa et al., 2001). mcyI and mcyJ have been assigned putative tailoring 
functions (Kaebernick and Neilan, 2001). 
 
Figure 1.5: Role of mcy modules in the synthesis of MCYST (Downing, 2005). 
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1.4.3 Environmental factors influence toxin production 
Numerous environmental factors have been shown to influence toxin production 
and an investigation of such factors may help to further elucidate the role of 
MCYST. 
 
The intracellular concentrations of MCYST have been shown to experience 
extreme fluctuations in natural environments. The history of modulation of 
MCYST production and intracellular concentration has mainly focused on the 
effects of growth phase (Lee et al., 2000), light intensity (Lee et al., 2000, Long et 
al., 2001, Van der Westhuizen and Eloff 1985), temperature (Van der 
Westhuizen and Eloff 1985, Watanabe and Oishi,1985), growth rate (Lee et al., 
2000, Long et al., 2001, Van der Westhuizen and Eloff 1985, Oh et al., 2000, Orr 
and Jones, 1998), uptake rates and availability of nitrogen and phosphorus (Lee 
et al., 2000, Long et al., 2001, Van der Westhuizen and Eloff 1985, Oh et al., 
2000, Orr and Jones, 1998) and rates of carbon fixation (Van der Westhuizen 
and Eloff 1985).  
 
However, Downing et al., (2005b) showed that the primary modulator of cellular 
MCYST content is the intracellular N:C ratio, with ratios in excess of growth 
optima yielding increased MCYST content for a given growth rate. MCYST 
increases are greater under these conditions when carbon fixation is limited due 
to either lack of inorganic carbon or light.  
 
1.4.4 Proposed biological roles of microcystins 
The majority of the hypotheses for MCYST function have been based on the 
toxicity of MCYST to plankton grazers (Jang et al.,2003). However, recent 
studies have shown that additional factors beside MCYST are responsible for the 
protection against grazers such as Daphnia (Trabeau et al., 2004). MCYST has 
the ability to chelate Fe2+ (Humble et al., 1994) and the perceived relationship 
between environmental iron and MCYST has led to the suggestion that MCYST 
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may be an intracellular chelator that inactivates free Fe2+ (Utkilen and Gjolme, 
1995), thus protecting the cells from photooxidation. MCYST may play a role in 
the storage of excess nitrogen. This is highly unlikely because Microcystis has 
the ability to produce cyanophycin, which is used for the storage of N (Downing, 
2005a). An extracellular function for MCYSTs was supported by the finding of a 
putative ABC-transporter protein encoded within the MCYST synthetase gene, 
which is predicted to be involved in both toxin biosynthesis and export (Pearson 
et al., 2004). Export of MCYST has, however, yet to be demonstrated. 
  
A possible role for intracellular MCYST is the enhancement of photosynthesis. 
This is supported by the cellular location of MCYST, possible membrane 
viscosity modulation properties, and increased MCYST production at reduced 
carbon fixation rates relative to nitrogen availability. The two possible 
transcription start sites contained in mcyABC and mcyDEFGHIJ  are differentially 
expressed as a function of light, which suggests a role for MCYST in a light-
dependent process (Kaebernick et al., 2000). 
  
The cellular location of MCYST is predominantly in the thylakoid membranes and 
nucleoid areas (Young et al., 2005). It is presumed that the insertion of the Adda 
residue results in the interaction of MCYST within the thylakoid membranes 
(Kaebernick and Neilan, 2001).  
 
MCYST seems to have similar structural properties to surfactants because of its 
amphiphatic nature, where the carboxyl groups and the guanidine group of 
arginine of the MCYST molecule are hydrophilic and the Adda residue is 
hydrophobic. Therefore, the insertion of ADDA moiety into the thylakoid 
membrane may cause the membrane to become less viscous because the 
ADDA moiety is less saturated than some of the acyl residues of the glycerol 
lipids. The membrane fluidity would therefore, be increased. Fracheboud (2005) 
reported that increase in the water-splitting activity of photosynthesis is enhanced 
when the membrane is less viscous. Yamamoto et al., (1981) suggested that 
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increased membrane fluidity enhances the mobility of plastoquinone within the 
lipid phase. The plastoquinone pool is generally thought to move electrons from 
PS II to PS I. Hence, enhanced mobility of plastoquinone would result in more 
efficient photosynthetic activity. Gombos et al. (1994) demonstrated that 
unsaturation of the thylakoid membrane molecules stabilizes photosynthesis 
against heat stress, however the exact biochemical factors are not clearly 
understood.  
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Aims of the study 
The study was therefore intended to address the following questions:  
 
 Is there a growth advantage in microcystin producing cyanobacteria? 
 Under what conditions do microcystins offer an advantage? 
 Do microcystins play a role in photosynthesis? 
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Chapter 2 
A growth advantage for microcystin producers in 
Microcystis aeruginosa under high light  
2.1 Abstract 
Numerous environmental factors have been shown to influence toxin production. 
The most significant environmental parameter reported to effect microcystin 
production was medium nitrogen to phosphorus ratio, which corresponded to 
intracellular nitrogen to carbon ratio. Batch cultures of both Microcystis 
aeruginosa PCC7806 and a mcyA- knockout mutant of PCC7806 were therefore 
cultured at three different light intensities and five media treatments, so as to vary 
cellular N:C ratios and concentrations, and sampled every twenty four hours for 
five days for analysis of microcystin concentration, cell numbers and residual 
medium nitrates. A competitive survival advantage was noted at high light, where 
the toxic strain survived while the non-toxic strain became chlorotic. A strong 
correlation (r2 = 0.907, p< 0.001, N=22) between microcystin concentration and 
growth rate was observed at high light conditions. No such advantage was 
observed at optimal or low-light conditions and media composition had no 
significant effect on the relationship between toxicity and survival at high light. 
These data suggest a possible role for microcystin in protection against photo-
oxidation.   
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2.2 Introduction 
 
Cyanobacteria are oxygenic photosynthetic prokaryotes that produce a range of 
biologically active compounds including the commonly occurring heptapeptide 
microcystin (MCYST) hepatotoxins. The exact ecological role or metabolic 
significance of MCYST is not known. However, given the complexity of the 
MCYST structure, the metabolic burden of MCYST production and the degree of 
environmental modulation of MCYST cellular concentration and production rate, 
a metabolic function is indicated.  
 
The proposed functions of MCYST have for the most part been based on the 
toxicity of MCYST to plankton grazers (Jang et al.,2003, Jang et al., 2004). 
However, recent evidence suggests that other factors beside MCYST are 
responsible for the protection against grazers such as Daphnia (Trabeau et al., 
2004). Humble et al. (1994) showed that MCYST has the ability to bind ferrous 
iron (Fe2+) and other metal cations and the relationship between environmental 
iron and MCYST cellular quota suggested a role for MCYST as an intracellular 
chelator of ferrous iron (Utkilen and GjØlme, 1994) offering protection from photo-
oxidation. However, no MCYST-iron complexes have been found. Iron may 
therefore impose some additional stress on the cells, which enhances MCYST 
production. Another proposed function of MCYST as a communication molecule 
(Pearson et al., 2004) is based on putative ABC transporter gene (mcyH) found 
in the MCYST synthetase (mcy) gene cluster.    
 
Environmental modulation of MCYST and cellular C:N ratio regulation of MCYST 
production rate (Downing et al. 2005a, Downing et al. 2005b), suggest a 
regulatory function in either photosynthesis or nitrogen assimilation. Utkilen and 
GjØlme (1992) reported an increase in the intracellular MCYST content per unit 
of protein in a continuous culture of Microcystis aeruginosa CYA 228/1 with 
increasing light intensity from 20 to 75 µmol of photons m-2.s-1. An increase in 
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light intensity was also reported to increase MCYST production at growth rates 
below the maximum specific growth rate in strain PCC7806 (Wiedner et al., 
2002). At the maximum specific growth rate, however, an increase in light 
intensity above saturating levels resulted in a decrease in MCYST measured per 
cell or per biovolume. The decrease in MCYST per protein was however not as 
marked, suggesting a nitrogen limitation. More importantly, for similar growth 
rates, MCYST content increased with increasing light in PCC 7806. Additionally, 
a considerable increase in mcyB and mcyD transcript levels with increasing light 
intensity was noted by Kaebernick et al (2000). 
 
That more than two thirds of the total intracellular MCYST content is localised 
within the thylakoid area (Young et al., 2005, Shi et al., 1999) further suggests a 
role in photosynthesis. Significantly higher chlorophyll a levels, and variation in 
several other pigments, have also been noted in MCYST producing strains 
relative to mcy knockout strains (Hesse et al. 2001). Addition of MCYST to media 
in which either MCYST producing or non-toxic strains were being cultured 
resulted in increased phycocyanin content but no significant change in 
chlorophyll a (Sedmak and Eleršek, 2005). These variations cause altered 
PSI/PSII ratios typical of light adaptation (Reuter and Müller, 1993). Sedmak and 
Eleršek (2005) also noted an increased autofluorescence which may be 
attributed not only to increased pigment content but to the uncoupling of PSI and 
PSII.  
 
Critical light index is a measurement of low-light competitiveness (Huisman and 
Weissing, 1994). Microcystis strains CYA 43 (non-toxic) and CYA 140 (toxic) 
have similar critical light intensities suggesting that MCYST may not offer an 
advantage at reduced light intensities (Edwin et al. 2007). Additionally, the non-
toxic strain out-competed CYA 140 in light limited chemostats (incident light 
intensity 25 of photons m-2.s-1). Vezie et al. (2002) also noted better growth for 
non-toxic strains under lower nutrient concentrations suggesting that the 
advantage observed by Edwin et al. (2007) may have been due to the metabolic 
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burden and increased Nitrogen requirements for toxin production. Hesse et al. 
(2001) showed that the wild type had a higher growth rate than the mcy knockout 
strain at light intensities approaching saturation.  
 
These data suggest a possible metabolic role for MCYST under increasing light 
intensity in the presence of adequate cellular nitrogen. In order to determine 
conditions under which MCYST may offer a growth advantage, growth rates, 
nitrate uptake rates and intracellular MCYST concentration were therefore 
investigated for Microcystis aeruginosa PCC7806 and a mcyA- knockout mutant 
of M. aeruginosa PCC7806 under conditions designed to alter cellular C:N 
balance and hence microcystin concentrations at different light intensities. 
 
2.3 Methods and Materials  
 
2.3.1 Culture conditions 
Mid-log phase cultures of Microcystis aeruginosa PCC7806 and a mcyA- 
knockout mutant of M. aeruginosa PCC7806 were collected by centrifugation 
(4000 x g; 10 min), washed twice in phosphate buffer (pH 7.4) and inoculated in 
triplicate into 250 ml Erlenmeyer flasks containing 150 ml of either BG11 (0.03 
mM NH4
+, 17.65 mM NO3
-), or modified BG11 containing either 7.53 mM NH4
+ 
and 25.15 mM NO3
-, 0 mM NH4
+ and 10 mM NO3
-, or 0 mM NH4
+ and 17.65 mM 
NO3
-, or 0 mM NH4
+ and 25.15 mM NO3
-. All media was at pH 7.4. Cultures were 
incubated at 25°C (±0.5 °C) under continuous illumination of 8, 17, and 37 µmol 
of photons m-2.s-1 (Triton Dayglo©) and sampled daily for five days. 100 µl 
aliquots were removed from each sample and preserved with Lugol’s iodine. 20 
ml aliquots of each sample were filtered through a glass microfiber filter, 
(Whatman) and the filtrate retained for nitrate analysis. 
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2.3.2 Analysis 
Sample filtrate was used for determination of residual nitrate using Griess 
reagent (Sigma) after reduction with copper cadmium (Benschneider and 
Robinson, 1952). Toxin was extracted from each filter disc, as previously 
described (Phelan and Downing, 2007) followed by centrifugation at 10 000 g for 
10 minutes to remove cell debris. The supernatant was desiccated and 
resuspended in deionised water. MCYST was quantified with the Abraxis 
Microcystins/Nodularins ELISA kit, 96T (as per manufacturers’ specifications). A 
haemocytometer (Neubauer) was used to determine cell numbers in each 
preserved sample. Statistical analysis was performed using Statistica 8 (StatSoft) 
 
2.4 Results 
100000
1000000
10000000
0 20 40 60 80 100 120 140
Time (hrs)
C
e
ll
s
.m
l-
1
 
Figure 2.1: Growth curves of Microcystis aeruginosa PCC7806 (―) and the knockout mutant of 
PCC7806 (- - -) at 37  µmol of photons .m
-2
.s
-1 
for different medium treatments BG11 0.03 mM 
NH4
+
 and 17.65 mM NO3
-
 (♦)or modified BG11 containing either 7.53 mM NH4
+
 and 25.15 mM 
NO3
- 
(▲),0 mM NH4
+ 
and 10 mM NO3
-
 (■), or 0 mM NH4
+
 and 17.65 mM NO3
- 
(X), or 0 mM NH4
+
 
and 25 .15 mM NO3
-
 (●).N =3, error bars were omitted for clarity.  
 
 
No significant differences between WT (wild-type) and MT (mutant) cell numbers 
at any stage of growth were observed at either low or medium light intensities for 
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any of the five media used (data not shown). At 37 µmol of photons m-2.s-1 a 
significant difference was observed in the increase in cell numbers. The MT 
strain became chlorotic and cell numbers reduced exponentially whereas the WT 
grew in all tested media (Figure 2.1). 
 
 
 
 
 
 
Figure 2.2: A comparison of growth rates of M. aeruginosa PCC 7806 (▪) and and the knockout 
mutant of PCC7806 (▫).at the following light intensities: 8 (A), 17 (B), and 37 (C) µmol of 
photons.m
-2
.s
-1
 for various medium treatments BG11 0.03 mM NH4
+
, 17.65 mM NO3
-
 (3), or 
modified BG11 containing either 0 mM NH4
+ 
and 10 mM NO3
-
 (1), or 0 mM NH4
+
 and 17.65 mM 
NO3
-
 (2), or 0 mM NH4
+
 and 25 .15 mM NO3
-
 (4), or 7.53 mM NH4
+
 and 25.15 mM NO3
-
 (5).n = 3, 
error bars are standard deviation. 
 
 
Maximum growth rates were observed at 17 µmol of photons m-2.s-1 for both WT 
and MT strains while growth at 8 µmol of photons m-2.s-1 resulted in reduced 
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growth rates in all media used (Figure 2.2). The observed death rate of the MT 
strain at 37 µmol of photons m-2.s-1 was independent of medium composition 
(Figure 2.2C). No significant increase in growth rate was observed for either the 
WT or MT strains in any growth medium at low or intermediate light levels. 
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Figure 2.3: The cell production rates, nitrogen uptake and intracellular microcystin quota of M. 
aeruginosa PCC7806 grown at a light intensity of 8 µmol of photons m
-2
.s
-1
. 
 
 
No significant relationship was found between cell production rate, nitrogen 
uptake rate and intracellular MCYST quota at 8 µmol of photons m-2.s-1 (figure 
2.3). The highest cell production rates were observed at MCYST quotas less 
than 0.8 fg.cell-1 and at nitrate uptake less than 0.4 pmol.cell-1.hr-1. Lower cell 
production rates were observed at nitrate uptake rates below 0.8 pmol.cell-1.hr-1 
and MCYST quotas were greater than 0.5 fg.cell-1. 
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Figure 2.4: The cell production rates, nitrogen uptake and intracellular microcystin quota of M. 
aeruginosa PCC7806 grown at a light intensity of 17 µmol of photons m
-2
.s
-1
. 
 
 
At 17 µmol of photons m-2.s-1 (figure 2.4), higher cell production was observed 
when nitrate uptake rates were less than 0.1 pmol.cell-1.hr-1 and MCYST quotas 
less than 0.05 fg.cell-1, whereas lower cell production rates were observed at 
MCYST quotas above 0.1 fg.cell-1 and nitrate uptake less than 0.4 pmol.cell-1.hr-1 
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Figure 2.5: The cell production rates, nitrogen uptake and intracellular microcystin quota of M. 
aeruginosa PCC7806 grown at a light intensity of 37 µmol of photons m
-2
.s
-1
. 
 
 
At 37 µmol of photons m-2.s-1 (figure 2.5), higher cell production rates were 
observed at MCYST quotas greater than 0.23 fg.cell-1, which was independent of 
nitrate uptake.  
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Figure 2.6: Growth rate plotted against microcystin quota M. aeruginosa PCC7806 grown under 
a light intensity of 37 µmol of photons m
-2
.s
-1 
in the absence of NH4
+
 (r = -0.764, p< 0.01, N=22).  
  
A significant non-linear relationship (y = -0.0246ln(x) + 0.0345, r2 = -0.764, p< 
0.01, N=22) was observed between the growth rate of the WT strain and 
intracellular MCYST quota at 8 µmol of photons m-2.s-1.  
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Figure 2.7: Growth rate plotted against microcystin quota of M. aeruginosa PCC7806 grown 
under a light intensity of 37 µmol of photons m
-2
.s
-1 
in the absence of NH4
+
 (r = 0.907, p< 0.001, 
N=22). 
 
At high light (37 µmol of photons m-2.s-1) a significant positive correlation 
between MCYST and growth rate was observed (r2 = 0.907, p< 0.001, N=22). 
However, in the presence of reduced nitrogen (NH4
+) at high light the linear 
relationship was not significant (r = 0.407, p< 0.100, N=38). Ammonium had a 
minor affect on the relationship between intracellular MCYST and growth rate at 
low light, where the correlation coefficient changed from -0.764 (p< 0.01, N=22) 
to -0.682 (p< 0.05, N=38). No correlation was found between growth rate and 
nitrate uptake rate or with growth rate and intracellular MCYST quota at 17 µmol 
of photons m-2.s-1 (Table 2.1). 
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Table 2.1: Summary of Correlation coefficients and probabilities between MCYST concentration, 
nitrate uptake and growth rate for M. aeruginosa PCC7806.  
 
 8 µmol of photons m
-2
.s
-1
 17 µmol of photons m
-2
.s
-1
 25 µmol of photons m
-2
.s
-1
 
 Growth rate N uptake Growth rate N uptake Growth rate N uptake 
 r p r p r p r p r p r p 
[MCYST] -0.764 < 0.01 0.042 > 0.5 -0.118 > 0.5 0.456 < 0.1 0.907 < 0.001 -0.29 < 0.5 
N uptake -0.503 < 0.05   -0.44 > 0.5   -0.61 <0.05   
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2.5 Discussion 
 
The highest intracellular MCYST quota was obtained at the lowest light intensity 
and 25.15 mM nitrates, corresponding to the higher N:C ratio, as previously 
reported by Downing et al. (2005a) and Downing et al. (2005b) and the optimum 
medium nitrate concentration (25.15 mM) and light intensity (11,4 µmol.m-2.s-1) 
as reported by Phelan and Downing (2007).  
 
The cellular MCYST quota in M. aeruginosa PCC7806 decreased with an 
increase in light intensity in batch culture, whereas Utkilen and GjØlme (1992) 
reported an increase in MCYST quota (ng toxin per µg dry weight) from 20 to 40 
µmol of photons m-2.s-1 and a decrease in MCYST quota (ng toxin per µg dry 
weight) from 40 to 80 µmol of photons m-2.s-1 for M. aeruginosa CYA 228/1 in a 
continuous culture. A possible explanation for the differences in results is that a 
low-level toxin producer of the strain CYA 228/1 out-competed a high-level toxin 
producer of the strain CYA 228/1 in the chemostat, due to a superior growth rate, 
whereas in batch cultures this is not a factor because growth rate is not constant. 
Sivonen (1990) reported a higher MCYST concentration per unit of dry weight at 
lower light intensities of 12 and 24 of µmol of photons m-2.s-1 compared to higher 
light intensities of 50 and 90 µmol of photons m-2.s-1 for Planktothrix agardii, 
which is consistent with our data.  
 
Weidner et al. (2003) reported an increase in MCYST quota (fg.cell-1) as PAR 
increased from 10 to 126 µmol of photons m-2.s-1 for PCC7806 in continuous 
culture on a day-night rhythm of 12h-12h, whereas we observed the reverse 
trend with a decrease in MCYST with an increase in light. The contradiction in the 
data is presumably to the 12 h dark phase. Nitrates are actively taken up in dark 
phase, resulting in a high N:C ratio, which favours enhanced toxin production. An 
increase in PAR causes an increase in α-ketoglutarate, which causes an 
increase in nitrogen uptake, this explains the increase in toxin with PAR, whereas 
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continuous illumination does not allow for the increased N:C ratio for increasing 
PAR. 
 
Hesse et al. (2001) cultured the mcyB- mutant in semi-continuous cultures 
(turbidostat principle) under nutrient saturated conditions with a 12 hour: 12 hour 
day: night cycle to investigate a possible role of microcystins. The night cycle 
allows the cell to replenish degraded pigments and photosynthetic apparatuses. 
However in our study a 10 % inoculum of a mcyA- knockout mutant grown under 
batch culture conditions at constant saturating light intensities become chlorotic 
and died because there was no dark phase for the mutant to either replenish or 
repair degraded or damaged phycobilisomes, PS II and PS I. The presence of 
microcystin seems to prevents/retard chlorosis of PCC7806. MCYST may 
therefore play a role in stabilizing the photosynthetic apparatus and preventing 
photooxidation. 
 
The strong positive correlation between MCYST concentration and growth rate at 
high light (figure 2.7) and the negative relationship at low light for an axenic 
culture of PCC7806 (figure 2.6) supports the hypothesis drawn by Edwin et al. 
(2007) from competition studies that blooms become less toxic over time as the 
non-toxic strain out-competes the toxic strain due to shading caused by 
increased biomass and nitrate depletion, which results in a decreased growth 
rate of the toxic strain. 
 
We therefore conclude that the production of MCYST by PCC7806 provides a 
growth advantage over the mutant of PCC7806 in saturating light conditions by 
preventing/retarding chlorosis. Thus providing further evidence that MCYST is 
involved in photosynthesis, with a possible biological role in the preparation of the 
cell for extreme light changes by preventing photooxidation either by enhancing 
electron flux, or stabilizing either PS II, PS I or  phycobiliproteins.  
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Chapter 3 
The use of chlorophyll a fluorescence to assess the 
photosynthetic status of Microcystis aeruginosa 
PCC7806 and an mcyA- M. aeruginosa PCC7806 mutant  
 
3.1 Introduction 
 
Chlorophyll fluorescence is a valuable technique which allows noninvasive, near 
instantaneous measurements of the photosynthetic status of an organism. The 
photosynthetic apparatus of cyanobacteria is a major sink for carbon skeletons, 
iron and nitrogen and is closely associated with the other principle metabolic 
pathways (Campbell et al., 1998). Hence, chlorophyll a fluorescence signals can 
offer quick, real-time information about the photosynthetic status of the 
cyanobacteria. 
   
When the chlorophyll a molecule absorbs radiant energy from the sun, the 
electron configuration of this molecule is temporally changed. The excited 
configuration of the molecule is short-lived (10-8 s). There are four principle 
routes for the return of the molecule to its ground state. One of these is via 
photochemical processes and the other three are via non-photochemical 
processes. The photochemical processes include the photochemical reactions 
where the excited electron leaves the excited pigment and goes into electron 
transport. The non-photochemical processes include heat dissipation, where the 
energy is released in the form of infra-red radiation (heat), chlorophyll 
fluorescence (red/far-red radiation), and transfer of the excitation energy to an 
adjacent pigment. Each of the above-mentioned paths competes for the excited 
molecule; the path with the highest first-order rate constant predominates 
(Strasser et al., 2000 and Strasser et al., 2004). The overall chlorophyll 
fluorescence in biological systems is low. Photosystem II is responsible for the 
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majority of in vivo chlorophyll fluorescence (Evans and Brown, 1994). The 
emission spectrum of the phycobiliproteins and chlorophyll overlap in 
cyanobacteria, therefore the phycobiliproteins contribute to the total initial 
fluorescence (Campbell et al., 1995). 
 
PS II competes quantitatively with the other major energy dissipation pathways 
such as heat dissipation and exciton transfer to PS I, even though PS II 
fluorescence is not a major pathway for excitation dissipation. The competition 
between photochemical and non-photochemical processes for the exciton 
ensures that a change in rate of one process will be associated with an altered 
fluorescence yield from PS II. Fluorescence yield is at a maximum when the 
potentials of the photochemical and non-photochemical processes are a 
minimum. An increase in excitation flow to the photochemical and non-
photochemical routes results in lowering or quenching of the fluorescence yield 
below its maximum (Campbell et al., 1995).  
 
The basic assumption for the analysis of fluorescence quenching, is that a 
change in the yield of fluorescence will reflect a proportional change in either the 
photochemical pathway or non-photochemical pathways, however this statement 
is not strictly applicable. Yet, the fluorescence signal is a rich source of 
information on the photosynthetic status of a photosynthetic organism (Krause 
and Weis, 1991). 
 
There are numerous advantages in using chlorophyll fluorescence in the analysis 
of the photosynthetic status in cyanobacteria. However, the differences in the 
cyanobacterial photosynthetic apparatus, effects the interpretation of 
fluorescence signals. In cyanobacteria, a primary problem with the F0 
(fluorescence intensity at 50 µs) value is that F0 varies with phycobiliprotein 
content. Campbell et al. (1996) showed that increased phycocyanin content, 
especially above the threshold level, caused an increase in F0. However, the 
contribution of the phycobiliproteins to the F0 is not affected by variations in the 
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redox state of PS II. The F0 is much lower in a Synechococcus sp. PCC7942 
mutant lacking phycocyanin, compared to the WT of Synechococcus sp. 
PCC7942. This confirms the correlation between F0 and phycobiliproteins 
observed in Synechococcus sp. PCC7942. Fv/Fm [(Fm – F0)/Fm] in plants is 
defined as the maximal photochemical efficiency. However, in cyanobacteria, the 
interpretation of Fv/Fm is not valid because phycobiliproteins fluorescence 
contributes to F0 and the total contribution of PSII fluorescence is a small 
proportion of the total chlorophyll a fluorescence. In higher plants the Fv/Fm ratio 
is approximately 0.8. Values lower than 0.8 indicate a decreased function of PS II 
(Bjӧrkman and Demmig, 1987). In WT Synechococcus PCC7942, the typical 
Fv/Fm ratio ranges from 0.4 to 0.6 when grown under the same conditions, 
whereas the mutant lacking phycocyanin is approximately 0.75. In cyanobacteria, 
the variations in Fv/Fm (constant pigment content) correlate with oxygen evolution 
(Campbell et al., 1995; Clarke et al., 1995), but this is not a reliable indicator of 
the function of PS II (Campbell et al., 1998). 
 
Chlorophyll fluorescence measured by a Handy Plant Efficiency Analyser was 
used to assess the stress induced in the aquatic plant, Lemna gibba, after been 
exposed to various concentrations of MCYST extracts (Saqrane et al., 2009). 
Sarqrane et al. (2009) also observed a linear relationship (R2 = 0.9788) between 
the Fv/Fm ratio and MCYST concentration, which they attributed the decline in the 
Fv/Fm ratio with an increase in MCYST to either photoinhibitory damage to the PS 
II RC or protective irradiative energy dissipation.  
 
Addition of MCYST to media in which either toxic or non-toxic strains were being 
cultured resulted in increased phycocyanin content but no significant change in 
chlorophyll a (Sedmak and Eleršek, 2005). These variations cause altered 
PSI/PSII ratios typical of light adaptation (Reuter and Müller, 1993). Sedmak and 
Eleršek (2005) also noted an increased autofluorescence, which they attributed 
either to increased pigment content or to the uncoupling of PSI and PSII. 
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In this study, we used a Hansatech Photosynthetic Efficiency Analyzer (PEA) 
fluorometer to examine the photosynthetic efficiency of Microcystis aeruginosa 
PCC7806 (toxin producer) and a mcyA- knockout mutant of PCC7806 (non-
producer) in order to determine whether microcystin (MCYST) either inhibits or 
enhances photosynthesis. 
 
3.2 Methods and Materials 
 
3.2.1 Culture conditions 
Microcystis aeruginosa PCC7806 (toxin producer) and a mcyA- knockout mutant 
of PCC7806 (non-producer) were grown to an OD740 of 0.7 and collected by 
centrifugation, washed twice in phosphate buffer (pH 7.4). Axenic cultures of M. 
aeruginosa PCC7806 and mcyA- knockout mutant were inoculated into 250 ml 
Erlenmeyer flasks each either containing 135 ml of BG11 (0.03 mM NH4
+, 17.65 
mM NO3
-), or modified BG11 (7.53 mM NH4
+, 25.15 mM NO3
-), or modified BG11 
(0 mM NH4
+, 10 mM NO3
-), or modified BG11 (0 mM NH4
+, 17.65 mM NO3
-), or 
modified BG11 (0 mM NH4
+, 25.15 mM NO3
-) in triplicate. All media was at pH 
7.4. Cultures were incubated at 25°C (±0.5 °C) under continuous illumination of 
8, 17, and 37 µmol of photons m-2.s-1 (Triton Dayglo©) and sampled daily for five 
days. 20 ml aliquots of each sample were dark adapted for two hours and then 
filtered through a glass fiber membrane (Whatman) and the filtrate retained for 
nitrate analysis. 100 µl aliquots were removed from each sample and preserved 
with Lugol’s iodine.  
3.2.2 Analysis 
A Hansatech PEA fluorometer was used to monitor fluorescence in triplicate for 
three places on each filter on which the cultures were collected on each of the 
three dark-adapted (two hours) cultures per treatment. Toxin was extracted from 
each filter disc, as previously described (Phelan and Downing, 2007) followed by 
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centrifugation at 10 000 g for 10 minutes to remove cell debris. The supernatant 
was desiccated and resuspended in deionised water. MCYST was quantified with 
the Abraxis Microcystins/Nodularins ELISA kit, 96T (as per manufacturers’ 
specifications). A haemocytometer (Neubauer) was used to determine cell 
numbers in each preserved sample. 
3.2.3 The JIP test 
Each chlorophyll a fluorescence OJIP transient was analyzed by the JIP test 
(Strasser et al., 1995). The following data from the original measurements were 
used: fluorescence intensity at 50µs (F0), maximal fluorescence intensity (Fm) 
required for calculation of the initial slope (M0) of the relative variable 
fluorescence (V) kinetics, and the J-step (fluorescence at 2 ms).  
 
The JIP test translates the original fluorescence data into biophysical parameters 
that quantify the flow of energy through PSII. The parameters that all refer to the 
onset of fluorescence induction are:  
The specific energy fluxes per reaction centre  
 absorption (ABS/RC)  
 trapping (TR0/RC)  
 electron transport (ET0/RC)  
 dissipation at the level of the antenna chlorophylls (DI0/RC) 
 The flux ratios or yields  
 maximum quantum yield of primary photochemistry (φPo ≡ TR0/ABS) 
 probability (at t = 0) that a trapped exciton moves an electron into the 
electron transport chain QA
- (ψo ≡ ET0/TRo) 
 quantum yield of electron transport (at t = 0) (φEo ≡ ET0/ABS) 
 quantum yield (at t = 0) of energy dissipation (φDo) 
The phenomenological energy fluxes per excited cross sections (CS)  
 absorption flux per CS (ABS/CS) 
 trapped energy flux per CS (TR0/CS) 
 electron transport flux per CS (ET0/CS) 
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 dissipated energy flux per CS (DI0/CS) 
 fraction of functional PSII reaction centers per excited cross section 
(RC/CS) 
 
The performance index (PI(ABS)) is a multi-parametric expression of absorption of 
light (ABS), trapping of excitation energy (TR) and conversion of excitation 
energy to electron transport, which contribute to the initial stage of photosynthetic 
activity of the reaction centre (RC). 
PI(ABS) = (γ/(1- γ) x (φPo/(1- φPo) x (ψo/(1- ψo) 
Performance index [PI(ABS)] 
 γ is the fraction of reaction centre chlorophyll (ChlRC) per total chlorophyll 
(ChlRC + antenna), therefore γ/(1- γ) ≡ ChlRC/Chlantenna ≡ RC/ABS 
 φPo/(1- φPo) is the contribution of the light reactions for primary 
photochemistry is derived by the JIP-test as [φPo/(1- φPo)] ≡ TR0/DI0 ≡ 
kp/kN ≡ FV/F0 
 ψo/(1- ψo) is the contribution of the dark reactions is derived by the JIP-
test as [ψo/(1- ψo)] ≡ ET0/(TR0 - ET0) ≡ (FM – F2 ms)/( F2 ms- F50 µs) 
The JIP-test formulas in table 3.1 shows how these biophysical parameters are 
calculated from the original florescence transient data. Pipeline models were 
constructed using Biolyser. v. 3.0.6 software. 
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Table 3.2: The JIP- test formulae using data obtained from the O-J-I-P chlorophyll a fluorescence 
transient. 
Extracted and technical fluorescence parameters 
 F0 = F50 µs, fluorescence intensity at 50 µs  
 F100 µs = fluorescence intensity at 100 µs 
 F300 µs = fluorescence intensity at 300 µs 
 FJ = fluorescence intensity at 2 ms 
 FI = fluorescence intensity at 30 ms 
 FM= maximal fluorescence intensity  
 tFM = time to reach FM 
 VJ = relative variable fluorescence at the J-step = ( F2 ms- F0 )/ (FM – F2 ms) 
Quantum efficiencies 
 φPo = TR0/ABS = [1- (F0/FM)] = FV/FM 
 ψo = ET0/TRo = 1 - VJ 
 φEo = ET0/ABS = [1- (F0/FM)] ψo 
Specific fluxes 
 ABS/RC = M0(1/ VJ)(1/φPo) 
 TR0/RC = M0(1/ VJ) 
 ET0/RC = M0(1/ VJ)( ψo) 
 DI0/RC = (ABS/RC) – (TR0/RC) 
Phenomenological fluxes 
 ABS/CS = ABS/CSChl = Chl/CS or ABS/CS0 = F0 or ABS/CSM = FM 
 TR0/CS = φPo(ABS/CS) 
 ET0/CS = (φPo)(ψo)(ABS/CS) 
 DI0/CS = (ABS/CS) – (TR0/CS) 
Density of reaction centers 
 RC/CS = φPo(VJ/ M0)( ABS/CS) 
Performance index 
 
PI(ABS) = (γ/(1- γ)(φPo/(1- φPo)(ψo/(1- ψo) 
  
 
3.3 Results 
 
Excitation of dark-adapted Microcystis aeruginosa PCC7806 (toxin producer) and 
a mcyA- knockout mutant of PCC7806 (non-producer) with a saturated light pulse 
induced a typical Kautsky Fluorescence Induction (O-J-I-P transients) for both 
toxin producer and non-producer (figure 3.1, insert) and the toxin producer (figure 
3.1) at all nitrate concentrations under continuous illumination of 37 µmol of 
photons m-2.s-1. However, clear differences in the O-J-I-P transients between 
PCC7806 and the mutant of PCC7806 were observed (figure 1) under the same 
growth conditions.  
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Figure 3.1. Chlorophyll a fluorescent transients (Kausky curve) exhibited upon illumination of 
dark-adapted after M. aeruginosa PCC7806 and a mcyA
-
 knockout mutant of PCC7806 by 
saturating light red light (650 nm), plotted on a logarithmic time scale. The effects of 48 hours 
exposure to 37 µmol of photons m
-2
.s
-1
 of light for varying nitrate concentrations 10 mM (◊),17 mM 
(∆) and 25 mM (□) recorded from filtered M. aeruginosa PCC7806 (♦, ▲, ■) and a mcyA
-
 
knockout mutant of PCC7806 (◊, ∆, □). Insert O-J-I-P transients recorded from filtered M. 
aeruginosa PCC7806 (■) and a mcyA
-
 knockout mutant of PCC7806 (♦) at optimal growth 
conditions (17 µmol of photons m
-2
.s
-1
 and 17 mM nitrates). n=27 
 
The toxin-dependent changes in fluorescence-rise kinetics were investigated 
further by the construction of the change in variable fluorescence. The original 
transients of PCC7806 and mutant PCC7806 were first normalized between F0 
and Fm, whereafter the normalized PCC7806 values were subtracted from the 
mutant PCC7806 values obtained at the same time intervals. The zero line was 
constructed by subtracting mutant PCC7806 from mutant PCC7806 values. 
Figure 3.2 shows a ∆J peak (at approximately 2 ms), the height of which varied 
for each nitrate concentration. However, the increase in ∆J was not dependent on 
nitrate concentration. 
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Figure 3.2. Effects of 48 hours exposure to 37 µmol of photons m
-2
.s
-1
 of light for varying nitrate 
concentrations 10 mM (■), 17 mM (▲)and 25 mM (x) on O-J-I-P transients recorded from filtered 
M. aeruginosa PCC7806 and a mcyA
-
 knockout mutant of PCC7806. The change in variable 
fluorescence curves was constructed by the subtraction of the normalized (between O and P) 
values of the recorded OJIP transients of M. aeruginosa PCC7806 from those of the mcyA
-
 
knockout mutant of PCC7806 at each respective time point. (♦) zero line represents subtraction of 
normalized mcyA
-
 knockout mutant of PCC7806 transients from themselves. n=27 
 
No significant differences were observed between WT and MT absorption 
(ABS/RC), trapping (TR0/RC), electron transport (ET0/RC) and dissipation at the 
level of the antenna chlorophylls (DI0/RC) when cultures were grown in modified 
BG11 containing 10 mM nitrates under continuous illumination of 37 µmol of 
photons m-2.s-1 (figure 3.3 A). The MT has a significant increase in ABS/RC and 
DI0/RC compared to the WT when cultures were grown in modified BG11 
containing 0 mM NH4
+ and either 17 or 25 mM nitrates under continuous 
illumination of 37 µmol of photons m-2.s-1 were observed (figure 3.3 B,C; figure 
3.4). No significant differences between WT and MT TR0/RC and ET0/RC were 
observed under the same growth conditions.  
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Figure 3.3. Specific fluxes and MCYST (MC) quota of the average effect of 48 hours exposure to 
light intensity of 37 µmol of photons m
-2
.s
-1
 for varying nitrate concentrations (A, 10 mM NO3
-
; B,  
17 mM NO3
-
; C, 25 mM NO3
-
) for M. aeruginosa PCC7806 (■) and a mcyA
-
 knockout mutant of 
PCC7806 (□).The specific fluxes are ABS/RC, absorption; TR0/RC, trapping; ET0/RC, electron 
transport and DI0/RC, dissipation at the level of the antenna chlorophylls. n = 54, error bars are 
standard deviation. 
 
The WT/MT ratios for each ABS/RC and DI0/RC were less than 0.65 and 0.5 
respectively for the 17 and 25 mM nitrates treatments under continuous 
illumination of 37 µmol of photons m-2.s-1 (figure 3.5).  
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Figure 3.4 Pipeline models for the specific fluxes (membrane model) of M. aeruginosa PCC7806 
(LH25+) and mcyA
-
 knockout mutant of PCC7806 (LH25-) grown in modified BG11 containing  
25 mM nitrate under continuous illumination of 37 µmol of photons m
-2
.s
-1
. The specific fluxes are 
ABS/RC, absorption; TR0/RC, trapping; ET0/RC, electron transport and DI0/RC, dissipation at the 
level of the antenna chlorophylls. 
 
 
 
Figure 3.5 Spider plot presentation of the specific fluxes representing the ratio of toxic/non-toxic 
obtained from the transient fluorescence data at various nitrate concentrations of 10 mM (◊), 17 
mM (□) and 25 mM (∆) under continuous illumination of 37 µmol of photons m
-2
.s
-1
. The specific 
fluxes are ABS/RC, absorption; TR0/RC, trapping; ET0/RC, electron transport and DI0/RC, 
dissipation at the level of the antenna chlorophylls. n = 54. 
 
No significant differences were observed between WT and MT maximum 
quantum yield of primary photochemistry (φPo), probability (at t = 0) that a trapped 
exciton moves an electron into the electron transport chain QA
- (ψo), quantum 
yield of electron transport (at t = 0) (φEo), quantum yield (at t = 0) of energy 
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dissipation (φDo) when cultures were grown in modified BG11 containing 10 mM 
nitrates under continuous illumination of 37 µmol of photons m-2.s-1 (figure 3.6 A). 
The WT had a significant increase in φPo and a significant decrease in φDo 
compared to the MT when cultures were grown modified BG11 containing 17 and 
25 mM nitrates under continuous illumination of 37 µmol of photons m-2.s-1 were 
observed (figure 3.6 B,C). 
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Figure 3.6 Flux yields and MCYST (MC) quota of the average effect of 48 hours exposure to light 
intensity of 37 µmol of photons m
-2
.s
-1
 for varying nitrate concentrations (A, 10 mM NO3
-
; B,     
17 mM NO3
-
; C, 25 mM NO3
-
) for M. aeruginosa PCC7806 (■) and a mcyA
-
 knockout mutant of 
PCC7806 (□).The flux yields are φPo ≡ TR0/ABS, maximum quantum yield of primary 
photochemistry; ψo ≡ ET0/TRo, probability (at t = 0) that a trapped exciton moves an electron into 
the electron transport chain QA
-
; φEo ≡ ET0/ABS, quantum yield of electron transport (at t = 0) and 
φDo, quantum yield (at t = 0) of energy dissipation. n = 54, error bars are standard deviation. 
 
 
The WT/MT ratio for φPo was greater than 1.5 and the WT/MT for φDo was less 
than 0.75 for the 17 and 25 mM nitrates treatments under continuous illumination 
of 37 µmol of photons m-2.s-1 (figure 3.7).  
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Figure 3.7 Spider plot presentation of the flux yields representing the ratio of toxic/non-toxic 
obtained from the transient fluorescence data at various nitrate concentrations of 10 mM (◊),  
17 mM (□) and 25 mM (∆) under continuous illumination of 37 µmol of photons m
-2
.s
-1
. The flux 
yields are φPo ≡ TR0/ABS, maximum quantum yield of primary photochemistry; ψo ≡ ET0/TRo, 
probability (at t = 0) that a trapped exciton moves an electron into the electron transport chain QA
-
; 
φEo ≡ ET0/ABS, quantum yield of electron transport (at t = 0) and φDo, quantum yield (at t = 0) of 
energy dissipation. n = 54. 
 
No significant differences were observed between WT and MT absorption flux 
per CS (ABS/CS), trapped energy flux per CS (TR0/CS), electron transport flux 
per CS (ET0/CS), dissipated energy flux per CS (DI0/CS) when cultures were 
grown in modified BG11 containing 10 mM nitrates under continuous illumination 
of 37 µmol of photons m-2.s-1 were observed (figure 3.8 A). The WT has a 
significant increase in ABS/CS, TR0/CS and ET0/CS compared to the MT when 
cultures were grown modified BG11 containing 17 and 25 mM nitrates under 
continuous illumination of 37 µmol of photons m-2.s-1 (figure 3.6 B,C; 3.9). 
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Figure 3.8 Phenomenological fluxes and MCYST (MC) quota of the average effect of 48 hours 
exposure to light intensity of 37 µmol of photons m
-2
.s
-1
 for varying nitrate concentrations (A, 10 
mM NO3
-
; B, 17 mM NO3
-
; C, 25 mM NO3
-
) for M. aeruginosa PCC7806 (■) and a mcyA
-
 knockout 
mutant of PCC7806 (□).The phenomenological energy fluxes per excited CS are ABS/CS, 
absorption flux per CS; TR0/CS, trapped energy flux per CS; ET0/CS, electron transport flux per 
CS and DI0/CS, dissipated energy flux per CS. n = 54, error bars are standard deviation. 
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Figure 3.9 Pipeline models for the specific fluxes (membrane model) of M. aeruginosa PCC7806 
(LH25+) and mcyA
-
 knockout mutant of PCC7806 (LH25-) grown in modified BG11 containing  
25 mM nitrate under continuous illumination of 37 µmol of photons m
-2
.s
-1
. The phenomenological 
energy fluxes per excited CS are ABS/CS, absorption flux per CS; TR0/CS, trapped energy flux 
per CS; ET0/CS, electron transport flux per CS and DI0/CS, dissipated energy flux per CS  
 
The WT/MT ratio for ABS/CS, TR0/CS and ET0/CS were greater than 1.8, 2.7 
and 2.7 respectively for the 17 and 25 mM nitrates treatments under continuous 
illumination of 37 µmol of photons m-2.s-1 (figure 3.10). 
 
 
 
Figure 3.10 Spider plot presentation of the flux yields representing the ratio of toxic/non-toxic 
obtained from the transient fluorescence data at various nitrate concentrations of 10 mM (◊),  
17 mM (□) and 25 mM (∆) under continuous illumination of 37 µmol of photons m
-2
.s
-1
. The 
phenomenological energy fluxes per excited CS are ABS/CS, absorption flux per CS; TR0/CS, 
trapped energy flux per CS; ET0/CS, electron transport flux per CS and DI0/CS, dissipated energy 
flux per CS. n = 54. 
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No significant differences were observed between WT and MT Tf(max) and F0 for 
all media treatments and Fm and RC/CSm for 10 mM nitrate treatment when 
cultures were grown under continuous illumination of 37 µmol of photons m-2.s-1 
(figure 3.11). The WT had a significant increase in Fm and RC/CSm compared to 
the MT when cultures were grown in modified BG11 containing 17 and 25 mM 
nitrates under continuous illumination of 37 µmol of photons m-2.s-1 (figure 3.6 B, 
C; figure 3.9). 
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Figure 3.11 Technical fluorescence parameters, reaction center (RC) density and MCYST (MC) 
quota of the average effect of 48 hours exposure to light intensity of 37 µmol of photons m
-2
.s
-1
 for 
varying nitrate concentrations (A, 10 mM NO3
-
; B, 17 mM NO3
-
; C, 25 mM NO3
-
) for M. aeruginosa 
PCC7806 (■) and a mcyA
-
 knockout mutant of PCC7806 (□). The technical parameters are F0, 
F50 µs, fluorescence intensity at 50 µs; FM, maximal fluorescence intensity; tFM, time to reach FM 
and RC/CS is the fraction of functional PSII reaction centers per excited cross section. n = 54, 
error bars are standard deviation. 
 
 
The WT/MT ratio for Fm and active RC/CSm were greater than 1.8 and 2.9 
respectively for the 17 and 25 mM nitrates treatments under continuous 
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illumination of 37 µmol of photons m-2.s-1 (figure 3.12). The WT on average had 
an area, which was 2.5 times greater than the MT was. 
 
 
Figure 3.12 Spider plot presentation of the technical fluorescence parameters and reaction 
center (RC) density representing the ratio of toxic/non-toxic obtained from the transient 
fluorescence data at various nitrate concentrations of 10 mM (◊), 17 mM (□) and 25 mM (∆) under 
continuous illumination of 37 µmol of photons m
-2
.s
-1
. The technical parameters are F0, F50 µs, 
fluorescence intensity at 50 µs; FM, maximal fluorescence intensity; tFM, time to reach FM and 
RC/CS is the fraction of functional PSII reaction centers per excited cross section. n = 54. 
 
There was no significant difference between performance index (PI(abs)) of the 
toxin producer and the non-producer (figure 3.13A). This was also evident for all 
partial responses of the PI(abs), namely, density of working photosystems 
(reaction centre per chlorophyll, RC/ABS), the efficiency of primary 
photochemistry (trapping (φP0/(1- φP0)) and the efficiency of the conversion of 
excitation energy to electron transport (ψ0/(1- ψ0)). However, there were 
significant differences between the PI(abs), RC/ABS and φP0/(1- φP0) of WT and 
MT when cultured in modified BG11 containing 17 and 25 mM nitrates under 
continuous illumination of 37 µmol of photons m-2.s-1 (figure 3, 17 and 25 mM). 
No significant difference was observed for ψ0/(1- ψ0) between the two cultures. 
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Figure 3.13: Performance index [PI(abs)] and its partial responses (γ is the fraction of reaction 
centre chlorophyll (ChlRC) per total chlorophyll (ChlRC + antenna), therefore γ/(1- γ) ≡ ChlRC/Chlantenna ≡ 
RC/ABS, φPo/(1- φPo) is the contribution of the light reactions for primary photochemistry and 
ψo/(1- ψo) is the contribution of the dark reactions) , PS II efficiency (Fv/Fm) and MCYST quota of 
the average effect of 48 hours exposure to light intensity of 37 µmol of photons m
-2
.s
-1
 for varying 
nitrate concentrations (A, 10 mM NO3
-
; B, 17 mM NO3
-
; C, 25 mM NO3
-
) for M. aeruginosa 
PCC7806 (■) and a mcyA
-
 knockout mutant of PCC7806 (□). n = 54, error bars are standard 
deviation. 
 
A significant positive correlation between PI(abs) and microcystin (r = 0.88, p< 
0.005, N=15) was observed for cultures grown in modified BG11 containing 25 
mM under continuous illumination of 37 µmol of photons m-2.s-1. No correlation 
was observed between PI(abs) and microcystin for the other treatments. 
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The F0 value decreased dramatically in the MT over time, whereas the F0 value 
only decreased slightly in the WT over time. The MT became chlorotic after 72 
hours and died. 
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Figure 3.14 F0 versus time for M. aeruginosa PCC7806 (♦) and a mcyA
-
 knockout mutant of 
PCC7806 (◊) grown in grown in modified BG11 (25 mM nitrates) under continuous illumination of 
37 µmol of photons m
-2
.s
-1
. n = 9, error bars are standard deviation. 
 
The active RC density decreased over time in the MT, whereas in the WT the 
active RC decreased and then increased, but the increase was not significant. 
 
Figure 3.15 Active RC/CSm versus time for M. aeruginosa PCC7806 (●) and a mcyA
-
 knockout 
mutant of PCC7806 (○) grown in grown in modified BG11 (25 mM nitrates) under continuous 
illumination of 37 µmol of photons m
-2
.s
-1
. n = 9, error bars are standard deviation. 
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No other significant correlations were calculated between MCYST and the PEA 
parameters that were calculated in this study besides PI(abs) and microcystin (r = 
0.88, p< 0.005, N=15)  
3.4 Discussion 
 
The mutant of PCC7806 (MT) does not exhibit a typical Kautsky Fluorescence 
Induction curve after 72 hours because the mutant exhibited signs of chlorosis 
due to break down of the photosynthetic apparatus by photooxidation. The 
elevated ∆J peak (figure 3.2) indicates the accumulation of the reduced QA
- pool 
(Strasser et al., 1995 and Lazar, 2006), most probably caused by a decrease in 
electron transport beyond QA
- (Strasser et al., 2004). 
 
The increase in ABS/RC is most probably due to the inactivation of some 
reaction centers in the MT. This results in an increased ratio of total dissipation to 
the amount of active reactive centers because of a high dissipation of the inactive 
reaction centers. The small increase in electron transport calculated in the MT is 
most probably due to thermal activation of the dark reaction (Strasser et al., 2000 
and Strasser et al., 2004). 
 
In the MT, there was a decrease in ABS/CSm, DI0/CSm as well as in the density of 
active reactive centers when calculated values for the above-mentioned 
parameters were compared to the wild type. A decrease in the density/number of 
reaction centers leads to a decrease in electron transport, due to the inactivation 
of reaction centers (Strasser et al., 2000 and Strasser et al., 2004). The MT was 
less efficient at absorbing energy per excited cross section compared to the WT. 
 
The area above the fluorescence curve between F0 and FM is proportional to the 
pool size of the electron acceptors QA on the reducing side of photosystem II, 
which indicates that electron transfer from the reaction centers to the quinine pool 
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has either been inhibited or blocked in the MT (Strasser et al., 2000 and Strasser 
et al., 2004). 
 
The microcystin producing WT, has an increased stability of the PS II RC’s due to 
a higher PI(abs) compared to the mutant, which does not produce microcystin. 
Young et al. (2005) showed that more than two thirds of the microcystin-LR was 
bound to the thylakoid membrane. Therefore, microcystin may either prevent or 
limit oxidative damage to the thylakoid membrane, hence increasing the stability 
of the PS II RC’s. Microcystin has been shown to interact with proteins non-
specifically (Vela et al., 2008). We suggest that microcystin may stabilize the 
proteins in PS II to prevent photo-oxidation during saturating light conditions. 
Jüttner and Lüthi (2007) showed, via differential fraction of Microcystis cells, that 
a majority of MCYST was bound to the protein fraction composed primarily of 
phycobiliproteins. Campbell et al. (1996) showed that increased phycocyanin 
content, especially above the threshold level, caused an increase in F0. The 
significant decrease in F0 in the mutant over time may indicate degradation of the 
phycobiliproteins, thus suggesting MCYST in the WT may stabilize 
phycobiliproteins during saturating light conditions. The strong correlation 
between MCYST and PI(abs) is further evidence that MCYST enhances the 
stability of the PS II reaction centers. 
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Chapter 4 
4.1 Conclusion 
The highest intracellular MCYST quota was observed at low light and high media 
nitrate concentration, which corresponds to the higher N:C ratio. Data suggests 
that the toxin producer has a competitive advantage in saturating light compared 
to the mutant PCC7806, which lacks MCYST. MCYST seems to prevent 
PCC7806 from becoming chlorotic in continuous saturating light, whereas the 
mutant dies. A strong positive correlation was observed between microcystin and 
growth rate at saturating light intensities, enhances the growth of PCC7806 in 
saturating light conditions. This provides further evidence to support that MCYST 
may be involved in photosynthesis. 
  
PEA fluorometer data further suggested that MCYST may be closely associated 
with the photosynthetic apparatus of the cell because it preserves the Kautsky 
Fluorescence Induction curves at saturating light conditions. The presence of 
MCYST in PCC7806 maintains the active reaction centers of PS II. The PI(abs) 
and photosynthetic efficiency of PCC7806 was significantly greater, which 
suggests that a possible role for MCYST stabilizing either phycobilisomes, 
photosystem II or both to prevent photooxidation in saturating light conditions or 
MCYST may stabilize the proteins in PS II to prevent photooxidation during 
saturating light conditions. This role is further supported by the strong positive 
correlation between microcystin and PI(abs) (25 mM nitrates and continuous 
illumination 37 µmol of photons m-2.s-1). 
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4.2 Future work 
 
4.2.1 Continued investigation of photosynthetic differences between 
PCC7806 and Mutant PCC7806 in batch culture 
Mid-log phase cultures of PCC7806 and mutant PCC7806 will each be grown in 
modified BG11 containing 0 mM ammonium and 25 mM nitrates under continuous 
illumination of 25, 35, 40, 45, 50 µmol of photons m-2.s-1 in quintuplicate for 7 
days. The following parameters will be measured intracellular microcystin quota, 
nitrates, carbon fixation, oxygen evolution, cell numbers, chlorophyll a and 
florescence. The JIP test will be applied to the transient fluorescence data to 
analyze the function of photosystem II.    
 
4.2.2 Continued investigation of photosynthetic differences between 
PCC7806 and Mutant PCC7806 in continuous cultures  
Mid-log phase cultures of PCC7806 and mutant PCC7806 will be inoculated into 
separate chemostats. Five steady states will be established by varying the 
intensity of illumination and nitrate concentration will be kept constant. The 
following parameters will be measured intracellular microcystin quota, nitrates, 
carbon fixation, oxygen evolution, cell numbers, chlorophyll a and florescence. 
The JIP test (Strasser et al., 2000 and Strasser et al., 2004) will be applied to the 
transient fluorescence data to analyze the function of photosystem II.   
 
4.2.3 Thylakoid membrane isolation 
Thylakoid membranes will be isolated from Synechocystis sp. strain PCC6803; 
various concentrations of purified microcystin will be added to the thylakoid 
membranes. Gold-labeled antibodies will be used to show that the microcystin is 
bound to the membrane. A matrix will be set up using a positive control, a 
negative control, different concentrations of microcystin, different variants of 
microcystin and various concentrations of photosynthetic inhibitors such as 
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DMCU and MV. A fluorometer will be used to measure the fluorescence to 
determine where in cyanobacterial photosynthesis microcystin may function. 
 
4.2.4 Effect of extracellular microcystin on non-microcystin producing 
PCC6803  
 Mid-log phase culture of Synechocystis sp. strain PCC6803 will be inoculated 
into erlenmeyer flasks with BG11 each containing various concentrations of 
microcystin. The experiment will be done in triplicate. Morphology of the culture 
will be examined via light and electron microscopy. Pigment profiling will be 
studied. The following parameters will be measured oxygen evolution, carbon 
fixation, cell counts and protein content. 
 
4.2.5 Competition studies between toxic strains  
Competition experiments will be ran with two toxic strains M. aeruginosa 
PCC7820 and PCC7806 using light-limited and light saturated chemostats. The 
change in population dynamics will be monitored by means of either 
characteristic change in the light adsorption characteristics or by PCR 
amplification in combination of denaturing gradient gel electrophoresis. 
Intracellular microcystin quota will also be examined by LC-MS . Cyanobacterial 
biomass will be determined by cell counts. 
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Chapter 6 
6.1 Appendix A  
A Culture Media 
 
Table A.1. Recipes of the following media a: BG11 (0.03 mM NH4
+
, 17.65 mM NO3
-
), b: modified 
BG11 (7.53 mM NH4
+
, 25.15 mM NO3
-
), c: modified BG11 (0 mM NH4
+
, 10 mM NO3
-
), d: modified 
BG11 (0 mM NH4
+
, 17.65 mM NO3
-
) and e: modified BG11 (0 mM NH4
+
, 25 mM NO3
-
) in molar 
concentrations.  
   BG11 Modified BG11 
 a b c d e 
Ingredient Concentration (mM) 
NaNO3 17.65 17.65 10 17.65 20.15 
K2HPO4.3H2O  0.18 0.18 0.18 0.18 0.18 
MgSO4.7H2O 0.3 0.3 0.3 0.3 0.3 
CaCl2.2H2O 0.25 0.25 0.25 0.25 0.25 
Citric acid 0.03 0.03 0.06 0.06 0.06 
Ferric citrate 0 0 0.03 0.03 0.03 
Ferric ammonium citrate 0.03 0.03 0 0 0 
EDTA (disodium) 0.003 0.003 0.003 0.003 0.003 
Na2CO3 0.19 0.19 0.19 0.19 0.19 
NH4NO3 0 7.5 0 0 0 
KNO3 0 0 0 0 5 
Trace Elements (A5 + Co) 
Ingredient Concentration (mM) 
H3BO3 0.0463 0.0463 0.0463 0.0463 0.0463 
MnCl24H2O 0.0091 0.0091 0.0091 0.0091 0.0091 
ZnSO47H2O 0.0008 0.0008 0.0008 0.0008 0.0008 
NaMoO42H2O 0.0016 0.0016 0.0016 0.0016 0.0016 
CuSO45H2O 0.0003 0.0003 0.0003 0.0003 0.0003 
Co(NO3)26H2O 0.0002 0.0002 0.0002 0.0002 0.0002 
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6.2 Appendix B  
B Assay reagent preparation 
Environmental nitrates  
Copper cadmium preparation and regeneration  
• Briefly wash copper cadmium with 5% hydrochloric acid (v/v) 
• Rinse with RO H2O 
• Wash with 0.5% CuSO4.5H2O until cadmium changes from a silver grey 
colour to dark grey 
• Wash with 0.007 N HCl/0.005 M EDTA (w/v) 
• Repeat wash with 0.007 N HCl/0.005 M EDTA until supernatant is clear 
• Store copper cadmium in 0.007 N HCl/0.005 M EDTA 
Environmental phosphates- Reagents made up accordingly: 
Ammonium molybdate  
• 50 g/l (w/v) 
Copper acetate buffer pH 4 
• 2.5 g of CuSO4.5H2O 
• 46 g of CH3COONa.3H2O 
• 1 l of 2 M CH3COOH 
Reducing agent 
• 20 g p-methyl aminophenol sulfate in 100 g/l Na2SO3.7H2O (make up to 1 
litre and store at 4C̊ in a dark bottle) 
Standards 
• TCA 100 g/l 
• Standards prepared as KH2PO4 in TCA 
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6.3 Appendix C  
C Outcomes of completed work  
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